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http:WHAT THIS PAPER ADDS
Iliac artery tortuosity has been linked to the likelihood of complications following endovascular aneurysm repair
(EVAR). However, methodologies to calculate iliac tortuosity have remained subjective. It has also previously
been unclear whether it is tortuosity at focal locations or for the vessel as a whole that is most relevant to
deployment-related complications. This paper reports the development of a computerized CT imaging algorithm
to accurately and reproducibly measure local curvature and calculate tortuosity indices. These measurements
demonstrated that local tortuosity was signiﬁcantly associated with early deployment-related complications
after EVAR.Objectives: Iliac artery tortuosity has been linked to the likelihood of complications following endovascular
aneurysm repair (EVAR). Measures of tortuosity can be established from CT images; however, the reproducibility
of existing scoring techniques has not been clearly established. It remains unclear whether it is tortuosity at focal
locations or for the vessel as a whole that is most relevant to adverse events. The two aims of this study were to
develop an automated measure of iliac artery tortuosity to assist with surgical planning by providing an objective
assessment of procedural difﬁculty, and to correlate this measure with early postoperative outcomes.
Design and methods: Unlike existing approaches, the present measure of tortuosity considers spatial scale, which
incorporates the effects of local anatomy. A computerized imaging algorithm was used to segment vasculature
and establish a medial line and vascular boundary from contrast enhanced CT scans of 150 patients undergoing
EVAR. Two tortuosity measures were examined: curvature and vessel to straight-line length (L1/L2-ratio). For a
given spatial scale, the maximum tortuosity was computed on both iliac arteries and the artery with the lower
maximum was selected for analysis. Correlation of tortuosity with early (<30 day) and longer-term graft-related
complications was assessed.
Results: Maximal tortuosity at a 10 mm scale was a signiﬁcant predictor of early (<30 day) complications
(p ¼ .016 for curvature and p ¼ .006 for L1/L2-ratio), but not of long-term complications. Aneurysmal diameter
was independent of tortuosity (Pearson’s r value ¼ .006).
Conclusion: The results demonstrate that, at a local scale, tortuosity measures are correlated with early
outcomes. The spatial scale at which tortuosity is measured is important. The optimal scale of 10 mm implies that
adverse events could be linked to a focal anatomical location.
 2014 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
Article history: Received 5 February 2014, Accepted 30 April 2014, Available online 15 June 2014
Keywords: Abdominal aortic aneurysm, Endovascular procedures, Tomography, Computed, Scanners, Arterial
tortuosity, Analysis, Computer-assisted image, Image interpretation, Computer assistedINTRODUCTION
Endovascular repair of abdominal aortic aneurysms (EVAR)
is currently the preferred technique for individuals withrresponding author. R. Fitridge, Discipline of Surgery, The University
laide, The Queen Elizabeth Hospital, 28 Woodville Road, Woodville
SA 5011, Australia.
il address: evartrial@adelaide.edu.au (R. Fitridge).
-5884/$ e see front matter  2014 European Society for Vascular
. Published by Elsevier Ltd. All rights reserved.
//dx.doi.org/10.1016/j.ejvs.2014.04.033suitable anatomy. A signiﬁcant proportion of cases in which
this technique is attempted develop graft-related compli-
cations.1 Iliac artery tortuosity is a potent cause of these
complications but has proven difﬁcult to objectively mea-
sure with available techniques.
In previous work, the authors showed that other
anatomical factors (neck diameter, length, and angulation)
are strongly associated with mortality and morbidity after
EVAR.1 Not many studies have linked outcomes with iliac
artery tortuosity, despite the difﬁculty of deploying a stent
Table 1. Deﬁnitions for early stent-related problems.
Complications at time of
procedure and prior to
discharge
Inclusions:
Operative complications, vessel
complications, misplaced
deployment, failed deployment,
distal embolization, failed access,
twist/kink/obstruction, type-1
endoleak, type-3 endoleak,
migration, thrombosis, stenosis,
graft-thrombosis, broken/
damaged wires
Exclusions:
Type-2 endoleak, type-4 endoleak
Unplanned procedures
at the time of the
operation or prior to
discharge for aneurysm
or graft
Inclusions:
Unplanned procedures pertaining
to aneurysm or graft
Exclusions:
Open groin repair, femoral cut
down
Death Inclusions:
Death 30 days
Table 2. Deﬁnitions for late (>30 days) stent-related problems.
Late postoperative
problems
Inclusions:
Type-1 or type-3 endoleak,
kinking, migration, graft thrombosis,
broken/damaged wires, stenosis
Exclusions:
Type-2 and type-4 endoleak, femoral
bifurcation scarring/bleeding
Reoperation for
aneurysm
Inclusions:
Aneurysm or graft-related procedure
Exclusions:
Repairs for type-2 endoleaks
(embolization)
Death Inclusions:
Aneurysm-related (rupture)
Exclusions:
Death from other causes
154 N. Dowson et al.graft through a highly tortuous vessel. This may be because
of tortuosity being evaluated subjectively. Boyle2 noted that
despite the “potential inﬂuence that access vessel angula-
tion can have on outcome, there is not a good, reliable, and
repeatable measure of iliac angulation”.
In their reporting standards for EVAR, Chaikof3 intro-
duced an iliac artery tortuosity index L1/L2, where L1 is the
distance along the central lumen line between the common
femoral artery and the aortic bifurcation and L2 is the
straight line distance between these points. They proposed
this measure be included with iliac calciﬁcation and diam-
eter for stratifying risk of access failure, but did not validate
this with data.
A systematic review4 examining protocols for deter-
mining 3-D aneurysm morphology using CT angiography
highlighted a lack of information on intra- and inter-
observer variability in measuring iliac tortuosity. Else-
where, the same authors5 reported good inter-observer
reproducibility, but did not link morphology to patient
outcomes. They noted that “automated methods are likely
to be more suitable for certain measurements”. In a later
study, Karthikesalingam6 reported that iliac artery tortu-
osity was signiﬁcantly associated with aortic complications
after EVAR in univariate, but not multivariate analysis.
Wyss7 reported that iliac tortuosity (L1/L2) was associated
with higher rates of graft-related complications after
EVAR.
Several measures of tortuosity based on curvature are
reported in the literature.8 Wolf9 described three measures
of tortuosity that showed agreement between observer and
computer measures (albeit lower than inter-observer
agreement): tortuosity index, which counts the number of
segments with curvatures of less than 0.3 cm1, L1/L2-ratio
over the entire iliac artery, and cumulative angulation,
which sums the angles of all vessel bends from 2D pro-
jections of the 3D data. Wolf9 also found signiﬁcant asso-
ciations between tortuosity indices and indicators of EVAR
complexity (ﬂuoroscopy time, amount of contrast, extender
modules, or vascular reconstruction). O’Flynn10 also sug-
gested including torsion when assessing vessel tortuosity.
All of these measures integrate, and hence average, values
over the entire artery. However, it is likely to be the most
tortuous local regions from which procedural challenges
arise. Iliac arteries where tortuosity is acute but localized,
can report a low average tortuosity, but make for a tech-
nically challenging EVAR.
In this study an automated algorithm was used to extract
the medial lines of the iliac arteries from contrast-enhanced
CT images. The algorithm requires three seed (or marker)
points to be manually placed in the centers of the superior
aortic neck and mid common femoral arteries; no other
input is required and minimal operator training is needed.
From the medial line accurate measurements of tortuosity
were obtained and used to examine whether graft-related
adverse events are a product of tortuosity at focal points,
the “focal source of problems” hypothesis, or cumulatively
for the vessel as a whole, the “cumulative difﬁculty”
hypothesis.MATERIALS AND METHODS
Patient dataset
Prospective data and contrast-enhanced preoperative CT
scans (n ¼ 150) were collected from patients in Australia
undergoing elective EVAR between 2009 and 2012. Ethics
approval was obtained from all institutions. Clinical data
were collected pre-surgery, perioperatively, 30 days
post-surgery (or at discharge), and at 6, 12, 24, and
36 months. Mortality information came from the
Australian Institute of Health and Welfare, National Death
Index.
Measures of tortuosity were evaluated against early
(within 30 days, deﬁned in Table 1) and late (up to 3 years,
Table 2) graft-related complications. Tortuosity was evalu-
ated using a method speciﬁcally designed for purpose,
called Tortuosity in Aorto-Iliac Pathology Nomogram
(TAIPAN), (a vessel delineation method11,12).
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The segmentation algorithm, TAIPAN, is described sche-
matically in Fig. 1. The method is automatic, apart from
requiring three user-supplied seed points to be manually
placed in the centers of the superior aortic neck and
common femoral arteries. In steps 1 and 2, an intensity
model is used to classify regions as “enhancing vasculature”
or “other tissue”. Regions unconnected to the seed points
are removed. In step 3, a customized path ﬁnding algo-
rithm13 is used to obtain an initial estimate of the medial
vessel line between the three seed points. In step 4, a
reﬁned intensity model is created and, along with standard
image morphology methods,14 is used to locate the lumen
wall on each axial slice. The distance to the lumen wall
within vessels is calculated in step 5, and utilizing a second
path-ﬁnding process, is used to reﬁne the position of the
medial line in step 6. Combining the boundary and medial
lines gives the results shown in step 7. Steps 2e7 are all
automatic; the sole user input is the three seed points at
the start of the process.
Tortuosity metrics
The path, p, followed by the medial vessel line is an ordered
set of discrete points in 3D space. The distance travelled
along the medial line is deﬁned by the scalar, u, where for aFigure 1. Schematic diagram of vessel segmentation algorithm.given artery, u ¼ 0 deﬁnes the inferior-most point in the
femoral artery, with u increasing in the direction of the
aorta. Hence the path taken by the medial vessel line can be
thought of as a function p(u).
Deﬁning the vessel medial line allows tortuosity to
be quantiﬁed. Multiple measures of tortuosity exist, many
of which are based on the mathematical measure of cur-
vature, k:
kðuÞ ¼
dpðuÞdu 
d2pðuÞ
du2

dpðuÞdu

3
; (1)
As p is discrete, the derivatives of p with respect to u are
computed using numerical differences, that is dpðuÞ=du is
approximated by pðuþ DuÞ  pðuÞÞ=Du. A choice can be
made about the scale, Du, over which the numerical differ-
ences are taken. The choice of scale is important as it means
only anatomy at the scale of Du is considered while anatomy
outside of this scale is ignored. This helps discern the scale
most relevant to EVAR, reducing the effect of averaging over
the entire vessel. Storing measures as functions of u allows
the maximum local tortuosity to be computed.
To cover the full range of relevant anatomical structures
that are visible in CT images, Du varies on a logarithmic
scale from 1 mm to 100 mm. At larger scales the maximum
operation becomes similar to the mean, because the scale
encompasses almost the entire artery and the measures
vary only slightly with u.
Two iliac tortuosity values were obtained for each patient
(left and right). As the access vessel used for the main EVAR
stent body was not generally recorded, access through the
least tortuous artery was assumed. Hence the maximum
tortuosity within the least tortuous vessel was reported
(minemax tortuosity).
For the full range of scales (1e100 mm), two tortuosity
measures were examined: curvature:
min
left; right
max
u
kðu;DuÞ; (2)
and L1/L2-ratio
min
left; right
max
u
Z u0þDu=2
u0Du=2
jpðuÞjdu
Du
; (3)
where the numerator is the medial line distance and Du is
the straight-line distance.
Selecting the optimal scale and testing for signiﬁcance
To select the optimal scale, a receiver operating character-
istic (ROC) was computed for the measures in (2) and (3) at
each scale, considering the sensitivity and speciﬁcity when
predicting early and late problems.
ROC analysis considers the ranking of a given measure,
but ignores the magnitude, so it does not consider whether
samples with or without problems can be distinguished in
the presence of measurement noise. Hence a Student’s t-
test was performed at the optimal scale to compare “early
156 N. Dowson et al.problems” and “no early problems”, and similarly for late
problems. The Student’s t-test was included because it is
possible to obtain a high area under the curve (AUC) and a
low signiﬁcance (high p value). In this case, the measure
would be sensitive to measurement error and not useful in
practice. Conversely, distant outliers in each class could
result in low AUC and high signiﬁcance, also indicating a
measure to be of low utility. Hence, to be acceptable a
measure should have high AUC (predictive) and have sig-
niﬁcance (tolerant of measurement noise).
Pearson’s correlation coefﬁcient was used to examine
whether a relationship existed between curvature and
L1/L2-ratio or aneurysm diameter. Values close to zero
indicate low correlation and vice versa for values close
to 1 or 1.RESULTS
There were 150 patients in this study, of whom 36 experi-
enced early graft-related problems and 31 had late graft-
related problems. Details of the problems for each patient
are provided in the supplementary table. Of the 36 patients
with early problems, 12 also had late graft-related problems.
Using the TAIPAN algorithm, the vessel tortuosities were
measured for each CT image. Mean time to process each
image was 22 s. The maximum tortuosity of the least
tortuous vessel was used to assess the predictive ability ofFigure 2. Examples of low and high maximum tortuosities at a scacurvature and the L1/L2-ratio for spatial scales from 1 to
100 mm. Typical examples of low and high maximum tor-
tuosities at a scale of 10 mm, along with corresponding L1/
L2-ratios are illustrated in Fig. 2. The relatively languid un-
dulations of the low tortuosity example can be contrasted
against the sudden change in direction in the high tortu-
osity example.
The relationship between early graft-related problems
and tortuosity is shown in Fig. 3. Fig. 3(A) shows one ROC
curve per scale, plotted to assess whether curvature can
discriminate between patients with and without early graft-
related problems. The plot shows that the 10 mm scale is
the optimum predictor of early problems (AUC 0.665).
Fig. 3(C) demonstrates the same for the L1/L2-ratio, with the
10 mm scale also having the best AUC (0.651). In Fig. 3(A
and C), performance drops off rapidly as the scale increases,
with no better than random performance at the maximum
scale of 100 mm (AUC 0.507 for curvature and 0.485 for L1/
L2-ratio). The 100 mm scale approximates taking a global
(whole vessel) average. For both measures, the effect of
reducing the scale to 5 mm or 2 mm decreases performance
only slightly, but a large drop in performance occurs for the
1 mm scale.
The predictive performance of 10 mm-scale tortuosity
was also measured on early graft-related problems. Fig. 3(B
and D) shows signiﬁcant separation of classes for both
curvature and L1/L2-ratio measures when ﬁtting thele of 10 mm are shown, along with corresponding L1/L2-ratios.
(A) (B)
(C) (D)
AUC
AUC
AUC
AUC
AUC
AUC
AUC
AUC
AUC
AUC
AUC
AUC
AUC
AUC
Figure 3. Ability to predict early (30 day) problems using the least tortuous artery 1 mm to 100 mm scales (NEP: No early graft-related
problems; EP: early graft-related problems). (A) ROC analysis of curvature. (B) Ability of curvature at 10 mm scale to predict early problems.
(c) ROC analysis of L1/L2-ratio. (D) Ability of L1/L2-ratio at 10 mm scale to predict early problems.
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related problems. This separation allows the null hypothe-
sis (tortuosity does not predict early problems) to be
rejected with signiﬁcance for curvature (p ¼ .016) and for
L1/L2-ratio (p ¼ .006).
Fig. 4 presents the ROC analysis of curvature (Fig. 4(A))
and L1/L2-ratio (Fig. 4(B)) for late problems. Neither mea-
sure was predictive, with no better than random perfor-
mance at any scale.(A)
AUC
AUC
AUC
AUC
AUC
AUC
AUC
Figure 4. Ability to predict late (up to 3 years) problems using the lea
curvature. (B) ROC analysis of L1/L2-ratio.Fig. 5 shows that maximum aneurysm size has a limited
correlation with early stent-related problems in this study.
The AUC is 0.593 (Fig. 5(A)) and the Student’s t-test gave a p
value of .051 (Fig. 5(B)).
Most likely, curvature and L1/L2-ratio measure the same
thing as indicated by their high correspondence in Fig. 6(A)
(Pearson’s r value ¼ .8832). To test whether aneurysm
diameter and tortuosity are correlated, a Pearson’s corre-
lation coefﬁcient was computed for these two variables at(B)
AUC
AUC
AUC
AUC
AUC
AUC
AUC
st tortuous artery at 1 mm to 100 mm scales. (A) ROC analysis of
(A) (B)
Figure 5. Ability of maximum aneurysm diameter to predict early (30 days) problems. (A) ROC analysis. (B) Linear regression analysis.
r r
Figure 6. (A) Pearson’s correlation coefﬁcient between maximum curvature and L1/L2-ratio. (B) Pearson’s correlation coefﬁcient between
maximum curvature and maximum aneurysm diameter.
158 N. Dowson et al.the optimal scale of 10 mm (Fig. 6(B)). The r value for the
two variables is almost zero, indicating that the variables
are probably independent.DISCUSSION
In this study, an automated technique was developed which
measures iliac artery tortuosity. It was demonstrated that a
scale of 10 mm is best for predicting the likely success of
EVAR. It is asserted, therefore, that the “focal source of
problems” hypothesis is true. In particular, it is asserted that
it is the most challenging (tortuous) region of the anatomy
that is responsible for procedural difﬁculties. This probably
relates to the relative size of the stent (width and length)
and the anatomy through which it passes. If scale were not
relevant then a wide range of scales would have similar
predictive abilities with no drop-off in performance. Graft-
related problems arising within 30 days were used as a
proxy measure for procedural difﬁculty; however, the rulesfor this assessment are well deﬁned (Table 1). Whether
proximal or distal site of type-1 endoleaks inﬂuenced the
result is unknown as this information was not collected.
Conversely, the “cumulative difﬁculty” hypothesis was
shown to be false. It would only be true if tortuosity over a
large range of scales predicted early stent-related problems.
Testing showed that the opposite occurred with a rapid
drop in predictive performance as scale increased beyond
10 mm, most likely because averaging measures of tortu-
osity over long segments of vessel returns low tortuosity
values for vessels with a single acutely angulated region.
The “focal source of problems” hypothesis overcomes the
adulterating effects of averaging by using spatial scale
within tortuosity measures, and hence is able to show the
maximum tortuosity along the entire artery.
To be useful, the magnitude of tortuosity must distin-
guish between cases with and without early graft-related
problems. Using Student’s t-test, clear and signiﬁcant class
separation was shown for both curvature and L1/L2-ratio.
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very similar ROCs, indicates that the relevance of scale is
not an artifact of a particular measure. In addition, both
measures identiﬁed a scale of 10 mm as being optimal.
Interestingly, tortuosity was not linked to late graft-
related problems. This is likely to be the case because a
number of causes apart from tortuosity are likely to
contribute to the development of late complications
following EVAR.
The clinical implication of local tortuosity being predictive
of early problems is that tortuosity should be reported at all
points in the vessel, rather than giving a single value for the
vessel as a whole. Such results should be reported in a form
allowing the clinician to identify problematic regions at a
glance, but also to explore and query the data at will. Hence
the algorithm will need to be attached to existing DICOM
image analysis software that is widely used by vascular
surgeons and radiologists, for example OsiriX (Pixmeo,
Geneva, Switzerland).
Maximum aneurysm diameter is known to be a good
predictor of survival,1 whether it was indicative of early
graft-related problems was assessed, and, if so, whether
high tortuosity was simply a manifestation of the same
phenomenon underlying dilated aneurysms. In fact, aneu-
rysm diameter had a weak correlation with early problems,
and no correlation with tortuosity, implying that the two
variables are independent. Enlarged aneurysms and tortu-
osity are most likely indicative of different aspects of a
complex biological process.
Ability to assess the “focal source of problems” hypoth-
esis depended on an automated method of delineating and
extracting the required blood vessels from the contrast-
enhanced CT images. The TAIPAN algorithm was based on
various historical approaches.15 Some of the earliest suc-
cessful arterial segmentation studies used multi-scale image
ﬁlters to deﬁne a function of “vesselness” as proposed by
Frangi.16 Where particular vessels require identiﬁcation and
selection, shortest path algorithms,13,17,18 can be tailored
for particular vessel extraction applications.11,12 Despite the
number of algorithms, some with freely available source
code,19e21 few fully automatic methods are incorporated
into commercial software, although semi-automatic ap-
proaches are available.22
Future directions of this work will involve developing
automated measures of calciﬁcation, given its likely contribu-
tion to the successful deployment of an EVAR graft and to
postoperative problems. Given the success of the “single-point
of problems” hypothesis, futureworkwill assess the combined
effect of focal tortuosity, calciﬁcation, and vessel width.
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